ABSTRACT: This paper reports that arrays of three-dimensional (3D), bowtie-shaped Au nanoparticle dimers can exhibit extremely high nonlinear absorption. Near-field interactions across the gap of the 3D bowties at the localized surface plasmon resonance wavelengths resulted in an increase of more than 4 orders of magnitude in local field intensity. The imaginary part of the third-order nonlinear susceptibility (Im χ (3) ) for the 3D bowtie arrays embedded in a dielectric material was measured to be 10 −4 esu, more than 2 orders of magnitude higher than reported for other metal nanoparticle-dielectric composites. Moreover, 3D dimers with increased nanoscale structure (such as folding) exhibited increased optical nonlinearity. These 3D nanoantennas can be used as critical elements for nanoscale nonlinear optical devices. KEYWORDS: Optical nanoantenna, localized surface plasmons, plasmon hybridization, local field enhancement, nonlinear optical susceptibility D imers of metal nanoparticles (NPs) and individual, anisotropic metal NPs can function as optical nanoantennas.
D
imers of metal nanoparticles (NPs) and individual, anisotropic metal NPs can function as optical nanoantennas. 1−5 The extremely high electric field enhancements within the gap originate from the near-field interactions between the NPs, which produce large field gradients at the localized surface plasmon (LSP) resonance wavelength. 6 Localized fields around metal NPs can also influence their nonlinear optical response; 7−10 however, a range of nonlinear absorption values have been reported 11 because of nonuniform NP filling within the dielectric host and limited field enhancements from single metal NPs. Here we report how an ordered array of three-dimensional (3D) Au bowties can exhibit an extraordinary nonlinear response because of additional localized electric field enhancements from the 3D structure of the NP dimer. Optical transmission measurements revealed that the bowties supported both bonding and antibonding LSP resonances, and finite-difference time-domain (FDTD) calculations showed very high field intensities within the bowtie gap for the bonding LSP mode. The nonlinear behavior of the 3D Au bowties was characterized through an open-aperture z-scan measurement, and the extracted imaginary part of the third-order optical susceptibility (Im χ (3) ) was found to be at least 2 orders of magnitude higher than previous reports for colloidal Au-dielectric composites. 12, 13 Figure 1 depicts the fabrication process for two different types of 3D Au bowtie arrays. First, a template consisting of a Cr square hole array over an anisotropically etched Si (100) substrate was prepared following a method similar to ref 14. The main difference was that the cross-section of the photoresist (Shipley 1805) posts were square as a result of two sequential UV exposures (at 90°) through a poly-(dimethylsiloxane) phase-shifting mask of recessed, 1D lines spaced by 400 nm. 15 After e-beam deposition of a thin layer of Cr (10 nm) followed by lift-off, 120 nm holes remained in the Cr film. This substrate was then subjected to an anisotropic KOH etch, 16 which produced pyramidal pits with four intersecting Si(111) faces beneath the Cr holes (Figure 1, top) .
Next, the template was mounted at an angle ψ relative to the e-beam deposition direction, and then two sequential depositions of Au were performed at azimuthal angles φ 1 and φ 2 . The gap distance (d) in the dimer was controlled by adjusting ψ, while φ determined the direction of the major axis of the dimer. Type A bowties were prepared by carrying out the first deposition of Au (30 nm) at φ 1 = 45°to produce a triangular Au NP whose center overlapped the shared edge of two Si(111) faces. The sample stage was then rotated by 180°, and a second deposition (φ 2 = 225°) of the same thickness completed the 3D bowtie (Type A). Similarly, Type B bowties were created using the first deposition at φ 1 = 0°and subsequent angle φ 2 = 180°, which produced particles on opposite Si(111) faces in the Si pit. To remove the 3D Au bowties from the etched Si template, we used a template stripping technique 17 with the transparent epoxy polyurethane (PU).
Because of the parallel nature of the fabrication procedure, cm 2 -areas of 3D Au bowties can be fabricated simultaneously. Figure 2 highlights how the two types of bowties have different local curvatures near the gap as well as parallel to the dimer axis because of the different deposition conditions. The small variations in particle shape and gap size are related to variations in the original post size and shape. Figure 2a shows that Type A bowties have a folded edge parallel to the long axis of the dimer because they are produced along the diagonal of the pyramidal pit. Since Type B bowties are formed by NPs on the two opposite Si(111) faces of the pyramidal pit template, the individual NPs are flat with no folding (Figure 2b) . Noticeably, the PU surrounding the Au bowtie structures fills the region around the Au dimers, including the gap (Figure 2c) .
We measured the linear optical response of arrays of 3D bowties in transmission. Figure 3a displays the normalincidence spectrum for Type A bowties with an average d = 20 nm when the polarization was parallel to the dimer axis. The two extinction resonances at 660 and 850 nm can be explained in terms of hybridization of localized plasmon resonances, 18−20 where the high-energy dip at λ − = 660 nm corresponds to an antibonding (−) LSP mode while the smaller low-energy dip at λ + = 850 nm is the bonding (+) LSP mode. The bonding mode Nano Letters appears at longer wavelengths because the attractive near-field interactions across the gap lower the resonant frequency. 21 The strength of plasmon hybridization was measured by changing d along the dimer axis, which is parallel to the polarization direction of the incident light (Supporting Information, Figure  S1a ). The resonance of the low-energy mode blue shifted by 100 nm as the gap distance d increased from ca. 5 to 35 nm. Therefore, the bonding LSP mode became weaker as the gap size increased and approached that of a single particle. Under perpendicular polarization, however, the relatively broad resonance centered at 800 nm did not change significantly (±20 nm) for all gap sizes (Supporting Information, Figure  S1b ). This result is expected because the effective particle size along the perpendicular polarization direction is similar for all gap sizes.
Electromagnetic field distribution maps calculated by finitedifference time-domain (FDTD) methods (Lumerical Inc., Supporting Information) show in the x−z plane represented in Figure 3b that the strongest fields in the gap are highest at the bonding mode λ + = 840 nm (Figure 3c ). Similar intensity fields are localized at the base edges of each NP for the antibonding mode λ − = 660 nm. For the bonding mode, the electric field intensity |E| 2 near the bowtie tips is enhanced up to 2.1 × 10 4 compared to the intensity of the incident light |E 0 | 2 . In addition, the normalized field intensity for the bonding mode (λ + = 840 nm) is 1 order of magnitude higher at the midpoint in the gap compared to that of the antibonding mode (λ − = 660 nm) at their respective LSP wavelengths (Supporting Information, Figure S2a ). When the polarization was perpendicular to the dimer axis (Figure 3d) , however, only a single dip was found at λ p = 780 nm because the two particles no longer coupled to each other. The electric field distribution map calculated at the single particle wavelength λ p = 773 nm does not show enhancements in the gap region (Figure 3e) .
In contrast to Type A dimers, Type B bowties with an average d = 35 nm did not show two well-defined resonances when the polarization was parallel to the dimer axis (Figure 4a ). The only distinctive feature was a low-energy resonance at 810 nm that dominated a very small high-energy resonance. The calculated field distribution map in the x−z plane in Figure 4b at λ + = 810 nm indicates that the resonance has bonding mode LSP character (Figure 4c) . FDTD simulations at the wavelength of the small dip (λ − = 669 nm) show only very weak field intensities at the flat edges (parallel to PU pyramidal base) of the Au NPs since such structural features cannot concentrate the fields in an antisymmetric charge distribution. This lack of structural folding of the individual NPs within the Type B bowties compared to the Type A bowties therefore produces a weak antibonding LSP, which was not observed in experiment. Similar to the effect in Type A bowties, when the polarization was perpendicular to the Type B dimer axis (Figure 4d ), the resonant wavelength was determined only by the effective particle size, and there was no field enhancement in the gap (Figure 4e) . The LSP resonances from Type B, however, were noticeably broader than the calculated dip. We attribute this overlap in wavelength position but this difference in resonance line width to a relatively wide range of NP sizes/gaps because Type B structures cannot be fabricated with as much control as Type A ones. For example, during the deposition with φ 1 = 0°o r φ 2 = 180°, small amounts of Au can be deposited beyond that on a single Si(111) face, which would result in Au NPs with a majority flat face and minor folds/wings near the edge.
Angle-resolved zero-order transmission measurements (λ versus θ) converted to energy E versus in-plane wavevector k revealed that the LSP modes are nondispersive for both Type A and Type B 3D bowtie structures (Supporting Information, Figure S3 ). However, when these resonances crossed the air (−1, 0) or PU (−1, 0) Rayleigh anomaly line, 22 diffractive coupling reduced the extinction intensity at Rayleigh cutoff wavelengths. The suppression of the LSP resonance in a periodic NP array is expected at grazing angles of incidence, 23, 24 where the in-plane diffracted waves interact with the NP dimers in the lattice.
The linear response of this metal−dielectric structure, 3D Au bowties surrounded by air on one side and PU on the other, were characterized at the wavelength of the LSP resonance. We combined the linear optical transmittance (T) measurements in Figures 3 and 4 as well as independent reflectance (R) measurements to determine the absorbance A = 1 − T − R. This quantity is related to the linear absorption coefficient α by α = −log(A)/L (cm ) for the air−Au bowtie array-PU structure, where L is the path length. The linear absorption coefficients α A and α B at 780 nm under polarization parallel to the dimer axis were found to be 1.39 × 10 5 cm −1 and 1.84 × 10 5 cm −1 for the Type A and Type B bowties, respectively. To characterize the nonlinear optical properties of the 3D bowtie nanoantennas, we used the open aperture z-scan technique to determine the imaginary part of χ (3) . Z-scan is a transmittance measurement where the incident irradiance (W/ cm 2 ) of a single, focused laser beam is varied. To induce a thirdorder nonlinear response, ultrashort laser pulses with instantaneously high optical fields are needed. Figure 5a depicts the major components of a z-scan measurement. The fs-light source was a home-built, cavity-dumped Ti:sapphire laser pumped by a frequency doubled Nd:YVO 4 laser (Millennia Vs, Spectra-Physics) (5 W). The center wavelength and spectral width of the cavity-dumped laser output were 780 and 40 nm, respectively. The pulse duration at the sample position without stretching was ∼25 fs; femtosecond-pulses were stretched to picoseconds by using a single grating and a Au-coated retroreflector (RR). The laser beam was focused on the sample with a 100 mm focal length lens, which excited ca. 5 × 10 3 Au bowties at the focus (beam waist = 27 μm). Two wedged silica windows were used to reduce the laser power, and a broadband λ/2 waveplate was used to control the polarization of the laser pulse.
The z-scan transmission measurements using 25 fs pulses at 780 nm showed a pronounced peak at z = 0 for Type B bowties (Figure 5b ), which is a signature of strong saturable absorption. 12 This induced transparency indicates that the ground state has been rapidly depleted under femtosecondexcitation. To extract the nonlinear absorption coefficient β, which is then used to calculate the imaginary part of χ (3) , we used the Sheik-Bahae model 25 to fit the z-scan transmittance T(z) 
where I 0 is the peak intensity at the focus, the effective interaction length
, L c is the film thickness of Au−PU composite, and the Rayleigh diffraction length z 0 = kω 0 /2. T(z) was determined experimentally by measuring the normalized transmission as a function of sample distance z from the focal point of laser beam (z = 0). Under femtosecond-excitation, the absolute value of the numerator |βI 0 L eff | in eq 1 becomes greater than 1 for a given nonlinear absorption coefficient β; thus, fitting to the Sheik-Bahae model is not valid because the power series diverges. Therefore, we adjusted the incident pulse width to the picosecond-range by stretching the 25 fs pulse to 11 ps so that I 0 could be reduced by three-orders of magnitude. The inset of Figure 5b shows that with picosecond-excitation (0.8 pJ), a small peak was still present at the focus (z = 0) within the valley of the large nonlinear optical absorption, which again indicates the onset of saturable absorption. Third-order nonlinear (multiphoton) absorption has a positive sign of β. 4, 26 Although this curve can be fit to the Sheik-Bahae model, we reduced the incident laser power further to eliminate any ambiguity in the fit when saturable absorption and multiphoton absorption simultaneously exist. 26, 27 Figure 5c,d displays the z-scan transmittances using 11 ps laser pulses (0.5 pJ) for Type B and Type A bowties with d = 35 nm, respectively. This gap distance was chosen since the bonding mode plasmon resonances for both 3D dimers was around λ + = 780 nm (Figure 4 and Supporting Information Figure S1 ), which overlapped the excitation laser wavelength. In the z-scan method, the magnitude of the dip at z = 0 directly reflects the strength of the nonlinear absorption coefficient. For Type B bowties, with an average d = 35 nm the transmittance at z = 0 dropped from 15% under parallel polarization to just 4% under perpendicular polarization (Figure 5c ). For Type A bowties, when the polarization was parallel to the dimer axis, the transmission decreased by 22% at z = 0 (Figure 5d ). As expected, at the same nonlinear excitation conditions very weak nonlinear signals were measured when the polarization was perpendicular to the dimer axis. This result clearly indicates that the local field effect is more pronounced in Type A bowties compared to Type B ones. Thus, the additional local curvature near the gap region of the Type A dimers results in slightly higher field enhancements compared to Type B dimers because of NP folding in the Type A bowties.
Using the measured β from T(z), we extracted the imaginary part of χ (3) by the following relation
where n 0 is the linear refractive index of Au, and ω is the angular frequency of the laser field. In Figure 5c ,d, the best fit values of β and Im χ (3) were found according to eqs 1 and 2 for each bowtie structure. We determined values of Im χ (3) to be 3.5 × 10 −4 esu for Type A bowties and 2.7 × 10 −4 esu for Type B structures. These values for Im χ (3) are at least 2 orders of magnitude higher than the values for Au NPs reported previously, which ranged from 10 −6 to 10 −9 esu depending on the NP sizes, Au volume fraction, and host materials. 8,12,13,27−32 We note that not all previous z-scan measurements were performed at the LSP resonance, which is crucial for large local field factors near the metal NPs. Nevertheless, we have at least a 1000-fold increase in Im χ (3) because of strong near-field coupling between metal NPs in a dimer compared to a single NP 12, 13 and a 100-fold increase compared to the largest reported values from coupled NP systems. 27, 32 In conclusion, we have designed a fabrication method that can produce arrays of 3D bowtie antennas with extremely high electric field localizations. The two different types of Au bowties support strong near-field interactions with local field intensity enhancements >10 4 , which result in extraordinarily high third-order nonlinear susceptibility values (10 −4 esu). Therefore, these 3D bowties function as nonlinear optical antennae. We anticipate that these coupled metal NP arrays can be integrated with nonlinear host materials of importance for applications in nonlinear optical devices. These 3D bowties can facilitate the demonstration of nanoscale, nonlinear optical devices, such as single-photon level transistors, 33 plasmonic second-harmonic generators, 34 or lasing nanoresonators. 
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